When a transmission grating is placed in a Sagnac interferometer, two diffracted wavefronts propagate in opposite directions and interfere at the output, forming a Fizeau fringe pattern. This interferogram contains spectral information heterodyned around a center wavelength. By changing the design, high resolving power or broad spectral range can be accomplished.
Introduction
Interferometer-type spectrographs use the only means to resolve the electric field at optical frequencies, interference. Interferometric spectrometers have the highest demonstrated resolving power to date. Besides the well known Fourier and Fabry-Perot Spectrometers, recently -with the advent of high-resolution CCD and CMOS cameras -spectrometers have been developed that use interference in the spatial rather than the time domain. The spectrum is obtained by a Fourier transform as well, from the spatial frequency to wavelength rather than from time to frequency.. A modern version is the Spatial Heterodyne Spectrometer (SHS), where a reflective diffraction grating under Littrow angle causes the necessary wavefront tilt for close off-Littrow wavelengths [1] . Two of these gratings are incorporated into a Michelson interferometer. These spectrometers can be built compact and without moving parts, however, they generally require optical elements of high quality.
Other realizations of Fizeau-fringe type spectrometers utilized Wollaston prisms [2, 3] or birefringent liquid crystals [4] to split the incoming wave front into the two that are necessary for interference. The main goal of these research efforts is to construct high-resolution spectrometers without moving components. We tested a spectrometer according to Fig. 1 , similar to a Sagnac interferometer, where one of the mirrors is replaced by a transmission grating. A similar spectrometer was suggested with two reflection gratings [5] , however, the inclusion of a transmission grating significantly improves stability and tolerance against misalignment.
Principle
Since the action of a transmission grating is reversible (sin α+sin β = const.), both directions experience the same diffraction under the same angles at a given wavelength λ 0 , which we call the design wavelength; were the setup works like a standard Sagnac interferometer. For a single wavelength (with zero bandwidth) and the device at rest, there is a homogeneously illuminated (actually dark) field in the output arm. For wavelengths off this design wavelength however, the propagation direction (k-vector) is under a small angle to the optical axis, resulting in a tilted wavefront. When these tilted wavefronts interfere in the output arm of the spectrometer, they lead to Fizeau fringes. An odd number of mirrors causes the two wavefronts in the output arm to be oppositely tilted.
The sign convention for transmission gratings is that angles on the same side of the grating normal have the same sign on both sides of the grating. Hence, in Fig. 1 , both angles α and β are positive WLOG. For the wavelength λ 0 + Δλ, the spacing Δx of these fringes is:
where g is the groove density of the transmission grating. The wavelength λ 0 + Δλ is diffracted under the angle β + Δβ, the angular dispersion is Δβ/Δλ = g/ cos β. Consequently, the angular dispersion (and the resolving power of the instrument) increases with the angle β, obviously only limited by the clear aperture.
We now rotate the grating in an otherwise fixed configuration according to Fig. 1 . By design of the spectrometer, the deflection angle γ = π − (α + β) is fixed, defining the optical axis of the spectrometer. The grating equation is sin α + sin β = λ g. When the grating is rotated, the angle of incidence α changes. Since α + β = const. does in general not imply that sin α + sin β = const., the grating equation is fulfilled for a slightly different wavelength after the rotation. This wavelength is given by:
This equation shows, for a given initial spectrometer configuration (fixed γ and g), how the center wavelength changes when the grating is rotated. Again, if radiation at this wavelength is incident, no Fizeau fringes are observed, just a dark field. Only components that are off this center wavelength can be measured. As an example, Fig. 2a shows this deviation for a spectrometer configured with g = 2847 mm −1 and several design angles γ. By differentiating Eq. (2) with respect to α, one finds that the maximum of the curve is at α = β = (π − γ)/2. Consequently, the curve has a maximum at λ D = 2 cos(γ/2)/g, we call this the design wavelength of the spectrometer. Fig. 2b shows the same curve for a grating constant of g = 1200 mm −1 . Note that the curvatures of the tuning curves are different for different design angles γ. Since the equations for the Littrow angle and the grating equation for α = β are identical, the dotted lines in Fig. 2 
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are the same as the tuning curve for a SHS, when the two reflections gratings are rotated by the exact same amount.
Experimental results
In the experimental setup ( Fig. 1) , we used a commercially available transmission grating of size 51 × 51 mm 2 with a groove density of 1200/mm (Edmund Optics). We used superpolished 100-mm square mirrors with a UV-enhanced aluminum coating and a custom-made beam splitter (Layertec GmbH, Germany) with a reflectivity of (50 ± 8)% for unpolarized light over the wavelength range 230-530 nm. The resulting clear aperture of the device was ≈ 25 mm. Using a 150-mm focal length UV fused silica lens, the grating surface was imaged onto full-frame CCD camera (Thorlabs) while magnifying the image by a factor of 1.6 to fit the 36-mm wide CCD chip. The incoming light was collimated by using a fiber with a N.A. of 0.22 and an off-axis parabolic mirror (100 mm, 90
• , UV-enhanced aluminum). An experiment was performed using a laser pointer that was labeled with an emission wavelength of 405 nm. The resulting interferogram is shown in Fig. 3a , the beating between at least two neighboring emission lines can be clearly recognized. With a Fourier Transform and several image processing and averaging procedures, the spectrum shown in Fig. 3b was obtained. The red line denominates the design wavelength that the SAFOS was set to. The spacing between the emission lines corresponds to a frequency difference of 133 GHz at this wavelength. Consequently, these lines are the longitudinal resonator modes of the InGaN laser diode with a length of about 1.1 mm.
The spectrum was confirmed by measuring the same laser diode with a Double Echelle Monochromator (DEMON, Lasertechnik Berlin). The FWHM linewidth was determined to be < 6 pm, so that the 12 pm measured here determine the resolving power of the spectrometer introduced here to be ≈ 3.3 × 10 4 . Figure 4 : LIBS spectrum of lead (Pb).
Finally, we investigated the ablation plume of a lead (Pb) sample in a laser-induced breakdown spectroscopy (LIBS) setup with UV laser pulses of 200 mJ energy at a wavelength of 266 nm. The resulting spectrum is shown in Fig. 4 . Due to the short-wavelength excitation, the plasma temperature is so low, that the effect of self-absorption [6] can be observed for each delay of the camera gate. The self-absorption dip of the transition 7s→6p at 405.8 nm can be clearly identified.
Conclusion
In this presentation, we introduced a spectrometer based on a common-path Sagnac-type interferometer. For a given wavelength range, this spectrometer can work at a large resolving power (R=33,000 demonstrated) without any moving parts. The high resolution relies on the fact that the spectrum is heterodyned around one single wavelength, which the spectrometer is designed for. This wavelength has to be larger or smaller than the wavelength of the radiation under test. It can be determined in the common way, by a calibrated light source or by using an unknown line source, rotating the grating, and measuring a tuning curve as shown in Fig. 2 . A fit to the grating equation yields the design angle and wavelength. The resolving power of the device depends on the difference between illumination and design wavelength.
This spectrometer is much easier to align than the SHS, as in general, a Sagnac interferometer is much easier to align than a Michelson interferometer. The sensitivity against grating angle changes is much lower than in an interferometric spectrometer using reflection gratings. There is no need to search for an elusive balanced condition (equal arms in lengths and dispersion). Also, we observed increased tolerance against misalignment.
